Recovery of lymphocyte populations after lymphocyte depletion is implicated in therapeutic immune pathways in animal models and in patients with cancer. We sought to evaluate the effects of chemotherapy-induced lymphodepletion followed by granulocyte-macrophage colony-stimulating factor (GM-CSF) and high-dose interleukin-2 (IL-2) therapy on clinical response and the recovery of lymphocyte subcompartments in patients with metastatic melanoma.
INTRODUCTION
Metastatic stage IV melanoma remains a highly lethal disease. 1 Immunotherapy with high-dose aldesleukin (HD interleukin-2 [IL-2]) can result in durable remissions, but only in a small percentage of patients.
2-6 IL-2 eradication of tumor is thought to be mediated by enhancing T-cell function and increasing T-cell numbers.
Lymphopoiesis is partially driven by lymphopenia and homeostatic proliferation. [7] [8] [9] During homeostatic recovery, even in the absence of antigen stimulus, lymphocyte subpopulations shift, favoring antigen-experienced memory phenotype and enhanced effector cell function. Prior animal studies demonstrated that sublethal irradiation of mice induces lymphocyte homeostatic proliferation, causing complete regression of established tumors. 10, 11 More recent animal models demonstrated that mice lymphodepleted by sublethal irradiation can reconstitute their tumor-specific effector cells from memory cells that mediate clinical reduction of MCA-205 pulmonary metastases. 12 Lymphocyte depletion with anti-CD4 and anti-CD8 antibody was followed by lymphocyte homeostatic recovery, which was able to mediate allograft rejection when adoptively transferred to wildtype mice. 13 
CD4
ϩ T reg cells can suppress CD4 ϩ and CD8 ϩ T-cell proliferation. In murine models, lymphodepletion seemed to preferentially eliminate suppressive T reg lymphocytes.
14 These laboratory models provide a strong rationale for therapeutic lymphodepletion in humans. 15 We hypothesized that lymphodepleting chemotherapy provides a permissive environment for homeostatic regeneration of tumor-directed cytotoxic T lymphocytes. Regenerating populations of lymphocytes would be further influenced by HD IL-2 and granulocyte-macrophage colony-stimulating factor (GM-CSF) with resulting clinical benefit. We studied the clinical outcomes and systematic recovery of the mononuclear cell compartments after lymphodepletion, HD IL-2, and GM-CSF therapy in patients with metastatic melanoma.
PATIENTS AND METHODS

Inclusion/Exclusion Criteria
Patients were required to have histologically confirmed melanoma with measurable disease, a life expectancy Ն 12 weeks, Karnofsky performance status Ն 60%, no prior therapy within 4 weeks before entry (6 weeks for nitrosoureas), and adequate end-organ function (cardiac ejection fraction Ն 50%, an forced expiratory volume in 1 second Ն 2.0 L or Ն 75% of predicted for height and age, and diffusing capacity of lung for carbon monoxide Ն 60% predicted). Patients with brain metastases were excluded, as were lactating or pregnant women. Patients were excluded if they had been treated previously with IL-2; had second invasive malignancies fewer than 5 years before entry; had significant comorbid disease, such as autoimmune illnesses, uncontrolled diabetes mellitus, or active infection; or had positive serology for HIV, hepatitis B, or hepatitis C. All patients were required to sign an institutional review board-approved informed consent. Patients were treated at Dartmouth Hitchcock Medical Center, Loyola University, Beth Israel Deaconess Medical Center, and the City of Hope. Table 1 outlines treatment schema with cyclophosphamide, sodium 2-mercaptoethanesulfonate, fludarabine, IL-2, and recombinant human GM-CSF. GM-CSF was given beginning on day 8 and continuing until absolute granulocyte count exceeded 5,000 cells/L. Patients were hospitalized until their absolute neutrophil count reached 500 cells/L and platelets were more than 20,000/L. Patients received full supportive care, including transfusions of blood for hemoglobin less than 8.0g/dL, platelet transfusion for counts less than 5,000 cells/L (Ͻ 10,000 if febrile), prophylactic antibiotics, and antiemetics when appropriate. Use of corticosteroids was avoided except in the case of life-threatening toxicity. All patients who received at least one dose of cyclophosphamide (day 1 of therapy) were considered evaluable for clinical response. All patients who received lymphodepleting chemotherapy and had two time points available for assessment of immune parameters were considered evaluable for correlative end points.
Treatment
Treatment Evaluation
Tumor evaluation included physical examination and axial computed tomography scans before treatment, 4 weeks after completion of HD IL-2, and between 8 and 12 weeks after completion of treatment. Stable and responding patients were evaluated every 3 months with a history, physical examination, and computed tomography scans. Evaluation for brain metastases was done when clinically indicated. National Cancer Institute's Response Evaluation Criteria in Solid Tumors (RECIST) was used to determine clinical response. Responding patients were eligible for a second cycle of high-dose bolus IL-2 given without lymphodepleting chemotherapy or GM-CSF.
Correlative Immune Measurements
Lymphocyte subpopulations were evaluated before treatment and at planned time points during and post treatment. T-cell phenotype and T-cell receptor ß variable (vß) chain expression on CD3 ϩ cells was assessed on peripheral blood using multicolor flow cytometry. In addition, the expansion of CD8 ϩ melanoma-specific T cells of HLA-A2-positive patients was investigated.
Isolation and Purification of Human Cells
Twenty to 50 mL of whole blood was collected using Vacutainer sodium heparin blood collection tubes (BD, Franklin Lakes, NJ). Peripheral-blood mononuclear cells (PBMCs) were isolated via density gradient centrifugation using Ficoll-Paque Plus (Amersham Biosciences, Buckinghamshire, England). Phenotyping of patients' cells was performed on freshly isolated PBMCs. For confirmation of normal distribution of v␤ T-cell receptors and other T-cell subsets, peripheral blood was obtained from healthy volunteers using a separate institutional review board-approved protocol. PBMCs for healthy donors were frozen in autologous serum plus 10% dimethyl sulfoxide (SigmaAldrich, St Louis, MO) and were stored at Ϫ140°C until use.
Patients underwent leukapheresis at two time points, pretreatment and post-treatment (day 78 to 85). Mononuclear cell fraction was obtained from the pheresis product using Ficoll-Hypaque centrifugal separation, and monocytes were further fractionated by cold aggregation, washed and frozen in 90% autologous serum plus 10% dimethyl sulfoxide, and stored at Ϫ140°C until use. Lymphocytes from this isolation were used for enumeration of CD8 ϩ melanoma-specific T cells.
T-Cell Subset and vß Analysis: Antibodies
Phenotypic analysis was performed using the following monoclonal antibodies purchased from Beckman Coulter (Fullerton, CA): anti-CD3, -CD45, and -CD62L conjugated to phycoerythrin-cyanine 5 (PECy5); anti-CD3, -CD4, -CD8, -CD14, -CD20, and anti-v␤1, 2, 5.1, 16, 21.3, and 22 conjugated to fluorescein isothiocyanate (FITC); anti-CD25, -CD28, -CD56, and anti-v␤7, 9, 12, 20, 18, and 23 conjugated to phycoerythrin (PE); anti-CD14 conjugated to allophycocyanin; and the respective isotype controls. Antibodies, human immunoglobulin G block (Sigma-Aldrich) and PBMCs were added to a 96-well plate and then incubated at 4°C for 1 hour on an Orbitron rotator (SPI, West Chester, PA). After incubation, cells were washed then fixed with 1% paraformaldehyde.
Tetramer Analysis: Antibodies
The antibody panel which was combined with HLA-A2 melanomaspecific tetramers was purchased from Beckman Coulter. CD3 (IM2635), CD4 
Abbreviation: GM-CSF, granulocyte-macrophage colony-stimulating factor.
‫ء‬
Cyclophosphamide (60 mg/kg/d; Baxter, Deerfield, IL) intravenously (IV) for 2 days with sodium 2-mercaptoethanesulfonate (Mesna; Sicor, Irvine, CA) at 20% of cyclophosphamide dose IV 15 minutes before and 40% of the cyclophosphamide dose orally at 2 and 6 hours after the initiation of chemotherapy.
†Fludarabine IV (25 mg/M 2 /day)-five daily doses from Day 3. ‡Interleukin-2 (aldesleukin) IV (600,000 U/kg; Chiron, Emeryville, CA): two 5-day courses on days 8 and 22. Interleukin-2 was given over 15 minutes every 8 hours. Goal is 14 doses/5-day course.
§GM-CSF (250 g/m 2 ; Berlex, Montville, NJ) was given subcutaneously daily from day 8 until absolute granulocyte count exceeds 5,000 cells/mL for 2 consecutive days.
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www.jco.org (IM0448), and CD8 (Clone T8, No. 6607102) antibodies were combined with either negative control tetramer (product No. T01044) or one of three melanoma-specific tetramers: Mart-1 (T01008), gp100 (T01012), or tyrosinase (T01019; all tetramers from Beckman Coulter Immunomics). Tetramers were labeled with phycoerythrin (PE). Frozen lymphocytes were thawed, washed, then combined with tetramer and antibodies and incubated for 30 minutes. Cells were then washed and fixed in 1% paraformaldehyde.
Flow Cytometry and Data Analysis
For 
Statistical Analysis
The trial was designed as a two-stage phase II trial. It was planned to study 18 evaluable patients in the first stage, and if more than four responses were observed in the first stage, an additional 15 would be recruited. The study was terminated after the first stage. For 12 of the 18 patients, flow cytometry and v␤ end points were measured longitudinally. These repeated measures are summarized using means and standard deviations with transformations to achieve Gaussian distributions. Means are compared between time points using both paired t tests and mixed effects (ie, random intercept) models. A "normal range" of change within an individual for the v␤ subsets was derived using changes from baseline for six time points (days 0, 8, 11, 15, 18, and 29) measured for four healthy donors.
RESULTS
Patient Characteristics
Eighteen patients (15 men and three women) of 20 considered were treated; demographic data are summarized in Table 2 (one patient declined therapy, one patient did not meet eligibility criteria). Accrual began in February 2004 and followed until December 2008. The mean age of our patients was 52 years (range, 30 to 71 years; M1a, n ϭ 5; M1b, n ϭ 8; M1c, n ϭ 5). Ten of 18 patients received adjuvant interferon-containing therapies before entry onto this protocol. Two patients received prior radiation therapy. No patient received prior cytotoxic therapy. All patients were evaluable for tumor response and toxicity. Seventeen of 18 patients received 14 of 14 doses of IL-2 in week 1, with an average total number of IL-2 doses of 25 of 28.
Toxicity
This lymphodepletion regimen in combination with high-dose IL-2 and GM-CSF was tolerated; there were no treatment-related deaths. All patients exhibited transient and reversible symptoms of IL-2-induced capillary leak syndrome, including edema, hypotension, creatinine elevation, hypoalbuminemia, electrolyte alteration, or decreased urine output. Hematologic toxicity was transient, with eight patients requiring packed RBC transfusion and four patients requiring platelet support (Fig 1) . Platelet count was less than 50,000/L for a median of 5.5 days (range, 0 to 7 days). All patients experienced neutropenia beginning on day 5 or 6, lasting a median of 8 days (range, 5 to 11 days). Ten of 18 patients experienced neutropenic fever, and three developed intravenous line infections. All patients experienced lymphopenia but recovered between day 14 and day 28.
Recovery of Lymphocyte Subcompartments
Lymphocyte recovery profiles are shown in Figure 2 . The CD4 ϩ lymphocyte numbers reached nadir at day 21 and were significantly different from baseline (.0001 Ͻ P Յ .001). Measurements taken before the second 5-day course of IL-2 showed suppression of CD4 ϩ lymphocytes. However, after the second course of IL-2, CD4 ϩ lymphocytes rebounded to baseline. CD8 ϩ lymphocyte numbers also reached nadir at day 21 and were significantly different from baseline (.001 Ͻ P Յ .01). The mean CD8 ϩ lymphocyte numbers rebounded above baseline on day 28 (.0001 Ͻ P Յ .001). The mean percentage of natural killer cells on days 18 and 21 was significantly higher than on day 15 (P ϭ .04 and .002, respectively). There was no significant difference between baseline levels and levels at days 85 and 113, but only data from three patients were available at these time points. The CD4/CD8 ratio reached nadir late and stayed low (Fig 2; .001 Ͻ P Յ .01). , and CD62L on their cell surface were defined as T-regulatory cells. We first established that T reg cell levels in the peripheral blood remain relatively constant under normal conditions. In four healthy volunteers evaluated at six time points, T reg cell levels were fairly consistent, ranging from 0.07% to 1.34% (mean 0.5% Ϯ 0.35%) of total lymphocytes. In our study patients, pretreatment peripheral-blood T reg cells ranged from 1.2% to 3.5% of all lymphocytes (mean 2.1% Ϯ 0.8%). T reg cells were the earliest subpopulation of lymphocytes to recover from lymphodepletion and spiked above baseline levels at day 15 (.0001 Ͻ P Յ .001). Measurements taken after the second 5-day course of IL-2 revealed another large spike in the number of T reg cells on day 28, returning to baseline by 2 months (P Յ .0001; Fig 2) .
Regulatory (CD4
T sup cells (CD8
were also evaluated. The baseline percentage of T sup cells in the lymphocyte population for the 11 study patients ranged from 0.1 to 23.1 (mean of 7.9). T sup cell number remained lower than baseline through days 15 to 21 . CD8
ϩ T em were seen to remain constant over time, and had a transient spike on day 28 (.0001 Ͻ P Յ .001), returning to baseline at day 85 (Fig 2) . The ratio of T reg to T em spiked significantly at day 15 and remained significantly above baseline until day 28 (P Յ .0001; Fig 2) .
Oligoclonal Recovery of T Cells
To assess the pattern of oligoclonal expansion of CD3 ϩ T lymphocytes, we determined the expression of 13 specific T-cell receptor vß chains in the 12 study patients throughout their treatment. In addition, we assessed the vß chain expression on T cells from four healthy volunteers at six intervals over the span of 1 month, demonstrating that in a resting state, the pattern of vß expression remains fairly constant within an individual. Using these data, we established a "normal range" of intradonor variation. In study patients, we compared day 28 with baseline and observed changes greater than the normal range in at least one v␤ subset in 11 of 12 patients. Changes in at least one Vß subset less than the normal range were also observed in nine patients. There was no consistent pattern in vß expression among patients, but observed changes in proportions of individual vß subsets supports the interpretation of oligoclonal expansion of T cells consistent with the hypothesis of homeostatic recovery of T cells.
Recovery of Melanoma-Specific Cytotoxic Lymphocytes
We evaluated the four HLA-A2-positive patients for the induction of detectable melanoma-specific CD8 ϩ T cells after treatment. One patient had significant enhancement of an oligoclonal expansion of cells that were tetramer positive for some of the melanoma antigens tested (Mart-1, gp100; Fig 3) . This patient did not demonstrate a clinical response to the treatment. 
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Clinical Response
We observed one complete response and three partial responses by RECIST criteria. The complete responder has no evidence of disease for 54ϩ months. The range of duration of response in three partial responders was 1 to 11 months. Time to progression and overall survival of this group of patients are shown in Figure 4 .
DISCUSSION
In this study, we confirmed the safety of lymphodepleting chemotherapy with HD IL-2 in a multicenter setting. Patients received a median of 25 of 28 aldesleukin doses compared with the historical data of 18 of 28 doses. 16 There were no treatment-related deaths, and all patients recovered hematopoietic function. The pattern of lymphocyte recovery after high-dose combination cyclophosphamide and fludarabine is not known, and thus we can only conclude that the effects we saw are attributed to treatment with cyclophosphamide, fludarabine, IL-2, and GM-CSF working in concert. We demonstrated rapid recovery of CD4 ϩ T reg and skewing of lymphocytes subtypes. The rapid recovery of CD4 ϩ T reg and the high T reg to T em ratio in the first 3 weeks suggests a persistence of significant immunologic barriers. The observation of T reg cells repopulated before CD8
ϩ effector cells provides an explanation for the failure to enhance the response rates over that anticipated with IL-2 alone. CD8 ϩ T sup cells remained low through day 21, but spiked later in recovery. The CD4/CD8 ratio was significantly below baseline levels at day 28 and at day 85 (2 months after completion of therapy). This observation, combined with the increase in T reg cells, the high T reg /CD8 ϩ ratio suggest a less than optimal in vivo environment for adoptive cellular therapy. Antony et al 14 showed that removal of the T reg subset allows helper function of the remaining T helper cells. They also showed that T reg cells suppressed adoptive immunotherapy of an established tumor. Kline et al 17 showed that combined CD25 depletion and homeostatic proliferation support a potent antitumor response in animal studies. Although preliminary data using adoptive cellular therapy with lymphodepletion seem to have significant impact on metastatic melanoma, our data suggest that other strategies for lymphocyte depletion and blocking T reg cell early recovery may further improve the outcome.
Other studies of similar lymphodepleting chemotherapy used in conjunction with adoptive transfer of T cells showed persistent depression of absolute CD4 ϩ cell counts from day 31 to 1 year after lymphodepletion. 15 In our study, CD4 ϩ lymphocyte number remained below baseline, but recovered by day 85. The affect of highdose bolus IL-2 in vivo on T reg function was not addressed in our study. In vitro functional analyses of human regulatory CD4 ϩ T reg cells has revealed that additional IL-2 can result in low-level proliferation of these cells and complete loss of regulation.
18
The CD8
ϩ T sup cells, a subpopulation of the CD8 ϩ CD28 Ϫ cells, were decreased in numbers after chemotherapy, but rebounded after the first dose of IL-2 therapy. They continued to increase after the 
CD28
Ϫ T sup cell recovery may further influence the function of CD8 ϩ cytolytic T-lymphocytes (CTLs). Melanoma-specific CTL are known to exist de novo in patients with melanoma.
20, 21 Thus it is possible that under homeostatic repopulation, there will be a skewing of recovery of these CD8 ϩ CTLs. T-cell receptors are heterodimeric cell-surface protein complexes made up of an ␣ and ␤ chain. The ␣ chain has a variable (v) and a joining (j) segment, and the ␤ chain contains a dominant (d), v, and j segment. The diversity required for T cells to recognize millions of antigen-derived peptides is created by recombination of these chains into unique receptor proteins. T cells undergoing clonal expansion can be detected by analyzing the v␤ repertoires using flow cytometry. Our analysis of v␤ chains in four healthy donors demonstrates only slight changes in expression over time within a donor and consistency from person to person. During recovery of patient cells from lymphodepletion, the majority of the T-cell expansions were temporary. Because of limitation of peripheral-blood cell availability, we were unable to determine antigen specificity of this expansion. Of four HLA-A2-positive patients, we observed an increase in one patient's melanomaspecific CD8 cells by tetramer staining. The data support the need to adoptively transfer melanoma-specific effector cells and to inhibit T reg pathways after depletion.
The approach of lymphodepletion is in its infancy. Although we have demonstrated the feasibility of a multicenter trial of chemotherapy lymphodepletion and HD IL-2, the clinical results failed to show improvement in clinical response relative to HD IL-2 alone. 22 The 
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